Background Epidemiologic studies have provided inconsistent results on the association of cigarette smoking with the incidence of amyotrophic lateral sclerosis (ALS). To summarise published evidence and explore sources of heterogeneity, we conducted a systematic review and meta-analysis of studies that evaluated this association. Methods Published studies evaluating the association of smoking with incidence of ALS were searched in bibliographic databases, with relevant information collected from each article. A random effects approach was used to pool the relative rate (RR) estimates from different studies. Between study heterogeneity was explored with a meta-regression approach.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a severe neurodegenerative disease of unknown aetiology. 1 Cigarette smoking has been proposed as a potential causative factor for ALS but published epidemiologic studies have provided inconsistent results. Methodological differences and heterogeneity in studied populations could account in part for these disparities. 2 We conducted a systematic review and metaanalysis of published studies to estimate more precisely the association between smoking and incidence of ALS, and to identify sources of heterogeneity across studies.
METHODS

Search strategy
We performed a systematic search of published studies in Medline (1950eApril 2009 , EMBASE (1980eApril 2009 ) and ISI Web of Science (1975eApril 2009) using the terms '(ALS OR amyotrophic lateral sclerosis OR motor neuron disease) AND (smok*OR tobacco OR cigar*) ' . We considered studies published in any language.
Bibliographic references in the publications meeting inclusion criteria (see below) were reviewed to identify additional relevant papers.
Selection criteria
Studies meeting the following criteria were included in the review: (1) case control or cohort design; (2) information on smoking status referred to the period prior to diagnosis of ALS; (3) outcome defined as a medical diagnosis of ALS or presence of ALS in a death certificate; and (4) reporting of measures of association between smoking and ALS, or enough information to compute the association, or the corresponding author providing the necessary information on request. No specific exclusion criteria were applied.
Data extraction
From each identified eligible publication, the following information was abstracted: study design (case control, cohort), location, number of participants, period of recruitment, type of cases and controls (for case control studies), average followup (for cohort studies), method of case ascertainment, diagnostic criteria, response rate, mean age and range, proportion of men in the study sample, adjustment variables, as well as the main results (ORs or rate ratios of ALS in current smokers vs never smokers, in ever smokers vs never smokers and results by gender if available). In cases where the original publication did not provide enough information to estimate associations between smoking and ALS, the corresponding author was contacted. 3e5 
Statistical analysis
In case control studies with density sampling of controls, the OR estimates the rate ratio in the source population while in case control studies not using density sampling the OR is a good approximation to the rate ratio when incidence of disease is low, as in the case of ALS. 6 Therefore, in this article we use the term rate ratio (RR) for association measures from both cohort and case control studies.
Heterogeneity of study specific RR estimates was evaluated by computing the Q and I 2 statistics. 7 I 2 is a measure of heterogeneity recommended by the Cochrane collaboration, ranging between 0% (no heterogeneity) to 100%. 7 Because of the evidence of heterogeneity, we did not adopt a fixed effects approach to pool the study specific estimates. Rather, we used the DerSimonian and Laird random effects method. 8 To assess sources of heterogeneity we regressed the log RR on study specific characteristics < Additional data, tables and figures are published online only. To view these files please visit the journal online (http:// jnnp.bmj.com). (percentage of men in the study population, average age of participants, study design and type of casedprevalent, incident or ALS death). Each study was weighted by the inverse of the study specific variance. This meta-regression model was fit separately by study design (case control vs cohort) and also in the entire sample of studies. Publication bias was assessed visually with a funnel plot.
RESULTS
The search identified 96 publications in Medline, 49 in EMBASE and 153 in ISI Web of Science. Sixteen publications met the inclusion criteria. 3 4 9e22 Additionally, we included two conference abstracts not yet published as original articles. 5 23 Fourteen references corresponded to case control studies (one of them included results from two different studies) 10 and four to prospective cohorts. One of the cohorts provided separate results for men and women. 18 We considered them as separate studies since they found different results by gender. Table 1 reports the main characteristics for studies included in the meta-analysis.
Seven case control studies and five cohorts provided associations comparing the risk of ALS in current smokers versus never smokers (figure 1). There was evidence of between study heterogeneity (case control studies: Q¼14.54, p¼0.02, I 2 ¼59%; cohort studies: Q¼25.62, p<0.001, I 2 ¼84%; pooled results: Q¼41.76, p<0.001, I
2 ¼74%). The pooled RR and 95% CI of ALS in current smokers versus never smokers was 1.42 (0.96 to 2.11) in case control studies and 1.16 (0.78 to 1.73) in cohort studies. The pooled RR (95% CI) including case control and cohort studies was 1.28 (0.97 to 1.68).
Fifteen case control studies and five cohorts compared the risk of ALS in ever smokers versus never smokers (figure 1). No association was evident in cohort (pooled RR 1.13, 95% CI 0.86 to 1.49) or in case control studies (pooled RR 1.09, 95% CI 0.95 to 1.26). The pooled RR (95% CI) for cohort and case control studies was 1.12 (0.98, 1.27). There was substantial evidence of between study heterogeneity (Q¼44.74, p<0.001, I
2 ¼58% for pooled case control and cohort studies).
A few studies evaluated the existence of a doseeresponse trend in the association between smoking and risk of ALS. Four of them reported evidence of a trend in the association between smoking amount and risk of ALS. 14 15 21 23 Other studies, though, did not find any clear doseeresponse associations.
17e19
The amount of information was insufficient to conduct a metaregression analysis of doseeresponse.
We tested whether study specific characteristics contributed to explain the heterogeneity across studies. In a meta-regression model, the proportion of women was the only major predictor of the association between smoking and ALS incidence: a 10% increase in the proportion of women was significantly associated with an increase of 7% (95% CI 3% to 11%) in the RR between ever smoking and ALS. The proportion of women explained 46% of the total variability in the log RR. The meta-regression predicted an RR of ALS for ever smokers versus never smokers of 0.86 (95% CI 0.71, 1.03) in men and 1.66 (95% CI 1.31, 2.10) in women (see web figure 1 , available online). Mean age of the study participants was weakly associated with the study specific risk ratios. The study specific RR of the association between ever smoking and ALS increased 5% (95% CI À12% to 27%) per each 5 year increase in the average age of study participants. Other variables, such as study design or type of case (prevalent, incident, mortality) did not explain substantial between study heterogeneity (see web table 1, available online). A funnel plot of studies that estimated the association for ever versus never smokers did not indicate publication bias (web figure 2, available online). Figure 1 Study specific and pooled rate ratios of smoking (current smokers vs never smokers; ever smokers vs never smokers) and amyotrophic lateral sclerosis in published case control and cohort studies.
DISCUSSION
This meta-analysis does not support an overall strong association of smoking with ALS risk but suggests that smoking might be associated with a higher risk of ALS in women.
Smoking could increase the risk of ALS through several mechanisms. Cigarette smoke contains a large amount of oxidant compounds which target certain molecules such as fatty acids in cell membranes and reduces the antioxidant capacity of the organism. 24 For example, 8-hydroxy-2 9 -deoxyguanosine, a well established marker of oxidative damage to DNA, is increased in smokers compared with non-smokers, 25 and its levels were higher in patients with sporadic ALS than in controls. 26 27 Also, numerous chemicals, some of them with potential neurotoxic effects, abound in cigarette smoke. Lead and formaldehyde, both present in cigarette smoke, have been associated with the risk of ALS in some studies. 28 29 The stronger association between smoking and ALS in women could be explained by differences in the metabolism of chemicals present in cigarette smoke. Many smoke components are metabolised by oxidation followed by conjugation. Some studies have shown that oxidation, but not conjugation, is upregulated in women, which leads to the accumulation of intermediate metabolites and increased oxidative stress. 30 The association between smoking and other health outcomes, including thyroid disease, lung function and multiple sclerosis, is modified by sex.
31e33
The present meta-analysis has some limitations. The methodological quality of the included studies was not uniform. Some studies had an unclear definition of the outcome, potentially biased selection of controls, greater opportunities for measurement error in smoking assessment and insufficient control for confounding. However, methodological quality is unlikely to explain our findings as the results did not differ between cohort and case control studies even though cohort studies were of better methodological quality overall. As in any meta-analysis, publication bias could be present but there is no clear evidence of it.
We recommend that future studies on smoking and ALS provide sex specific estimates of the association while recognising that stratified analysis of any individual study will have limited statistical power (see supplemental data, available online).
